Features of near-inertial motions on the shelf (60 m deep) of the northern South China Sea were observed under the passage of two typhoons during the summer of 2009. There are two peaks in spectra at both sub-inertial and super-inertial frequencies. The super-inertial energy maximizes near the surface, while the sub-inertial energy maximizes at a deeper layer of 15 m. The sub-inertial shift of frequency is induced by the negative background vorticity. The super-inertial shift is probably attributed to the near-inertial wave propagating from higher latitudes. The near-inertial currents exhibit a two-layer pattern being separated at mid-depth (25-30 m), with the phase in the upper layer being nearly opposite to that in the lower layer. The vertical propagation of phase implies that the near-inertial energy is not dominantly downward. The upward flux of the near-inertial energy is more evident at the surface layer (<17 m). There exist two boundaries at 17 and 40 m, where the near-inertial energy is reflected upward and downward. The near-inertial motion is intermittent and can reach a peak of as much as 30 cm/s. The passage of Typhoon Nangka generates an intensive near-inertial event, but Typhoon Linfa does not. This difference is attributed to the relative mooring locations, which is on the right hand side of Nangka's path (leading to a wind pattern rotating clockwise with time) and is on the left hand side of Linfa's path (leading to a wind pattern rotating anti-clockwise with time). 
Introduction
Near-inertial motion has been commonly observed over an extensive range of latitudes and depths in the ocean (Webster, 1968) . It is mainly generated by wind (e.g., Pollard, 1970; Pollard and Millard, 1970) . The passage of a front, a storm or a tropical cyclone can usually produce strong near-inertial motions in the ocean (e.g., D'Asaro, 1985) , with a speed peak usually over 30 cm/s and with a decay time scale of more than 5 d (e.g., Brooks, 1983; Chen et al., 1996) .
A one-year observation on the New England shelf indicates that the current variance in the near-inertial band comprises 10%-20% of the total current variance (Shearman, 2005) . In summer time, shelf sea near-inertial motion usually displays a two-layer structure, with the current in the upper layer opposite to that in the lower layer (e.g., MacKinnon and Gregg, 2005; Chen et al., 1996) . This two-layer structure can form a strong current shear across thermocline, which is related to high dissipation (e.g., Burchard and Rippeth, 2009) .
In shelf seas, several dynamic processes usually coexist and interact with near-inertial motions. The nonlinear interaction between inertial motions (frequency f) and internal tides (frequency ) can produce energy at the superposition f+ frequency (Xing and Davies, 2002) . Similarly, the frequency of inertial motions can be shifted by the background vorticity to create an effective frequency, leading to the region of wave trapping or propagation (Kunze, 1985) . Note in particular that this vorticity effect is associated with the background dynamics (e.g., the presence of a front, a mesoscale eddy, or a shear of the background mean flow). Therefore, the near-inertial motion usually exhibits some local properties particular to the local dynamics of the background flow.
In the South China Sea, there have been a number of researches on near-inertial motions. The typhoon that frequently happens in summer can generate strong near-inertial motions, which can last for 1-2 weeks and have a current peak over 50 cm/s (e.g., Chen, 2006; Zhu and Li, 2007; Sun et al., 2011a) . However, there is a clear seasonal variability with the greatest near-inertial energy intensity in autumn (August, September and October, Chen et al., 2013) . Near-inertial energy is mostly baroclinic (Liang et al., 2005) , and could induce turbulent mixing and chlorophyll a enhancement (Zhang et al., 2014) . The blue-shift (Sun et al., 2011b) or red-shift (Sun et al., 2011a) of the local inertial frequency is observed and attributed to the background vorticity. Since the South China Sea spans a range of latitudes and dynamical regions, the character of near-inertial motions may vary throughout the South China Sea. Many region specific characteristics have yet to be described.
In this paper, by analysing mooring data deployed on the shelf of the northern South China Sea during the passage of two typhoons, several new characteristics of near-inertial motions are revealed. Data are described in Section 2. Section 3 presents primary analyses firstly on the spectra and near-inertial currents, and then further studies the vertical energy flux. The mechanism for the slight shift of the inertial frequency and the role of wind on generation are discussed in Section 4. Section 5 makes a summary.
Data
A bottom mounted acoustic Doppler current profiler (ADCP) was deployed on the shelf of the northern South China Sea (Fig.  1 ) at a depth of 60 m. The location is 22°11.85 N, 116°39.56 E. It measured currents for 23 d from June 14 to July 6 in 2009 every 5 min. The vertical sampling interval is 2 m, ranging from a depth of 6 to 48 m. During its working period, Typhoon Linfa and Typhoon Nangka passed through the region.
Results

Primary analysis
A spectral analysis is first applied to the time series of each velocity component (eastward, u, and northward, v) separately, as shown in Fig. 2 . The mooring is located at the latitude of 22°11.85 N, corresponding to an inertial frequency of 0.76 cycles per day (i.e., 31.76 h in period) which is denoted by a pink line in Fig. 2 . A significant spectra peak occurs at a frequency slightly lower than the inertial frequency (denoted by "sub-inertial" hereafter). It is interesting that another peak also occurs at the frequency higher than the inertial frequency (denoted by "super-inertial" hereafter), although this peak is weaker than the sub-inertial peak. Both sub-and super-inertial peaks have a double-maximum in the vertical, with the high value in the upper layer being greater than that in the lower layer. However, the super-inertial energy is maximal near the surface, which is a commonly observed vertical structure for near-inertial motions (e.g., Shearman, 2005; Zheng et al., 2006) , whereas the sub-inertial energy is maximal at a deeper level of 15 m. Previous observations in this region only show a sub-inertial peak (Sun et al., 2011a). The mechanism for these two peaks will be discussed in Section 4.1.
A band pass filter is applied to obtain the near-inertial currents, preserving the currents at both the sub-inertial and the super-inertial frequencies (0.60-0.85 cpd). As seen from Fig. 3 , near-inertial currents are most energetic between June 27 and July 2, reaching as much as 30 cm/s. During this period, the velocity in the upper layer (<25 m) is in the opposite direction to that in the lower layer (>30 m), for both u and v components. An apparent boundary is present at around mid-depth. Such a two-layer structure has been frequently reported for near-inertial currents (e.g., Malone, 1968; Millot and Crépon, 1981; Mirko, 1987) . It is commonly attributed to the no normal flow condition at a coastline (e.g., Millot and Crépon, 1981; Chen et al., 1996; Xing et al., 2004) , which requires that the mass fluxes in the upper and lower layers are of the same magnitude, but in opposite direction. Between 15 and 20 of June, the two-layer structure is also apparent, and the position of the mid-depth boundary shoals gradually with time. After July 2, the water column behaves like a three-layer structure in u, and irregularly in v. The vertical structure of near-inertial motions evolves under influence of the stratification (e.g., Shearman, 2005) and the bottom stress (MacKinnon and Gregg, 2005) . This evolution, though interesting, cannot be investigated further without density profile measurements.
Vertical propagation of phase and energy
For the period of strong near-inertial motions between June 26 and July 2, the phase of near-inertial currents is contoured in Fig. 4 , where the phase is defined to increase clockwise. Elsewhere the dominant energy flux of near-inertial motions is reported to be downward (e.g., Sanford, 1975; Leaman and Sanford, 1975; Fu, 1981; van Haren, 2006) , as observed in terms of an upward propagation of phase (e.g., Sun et al., 2011a) . However, in this record the upward propagation of phase is not dominant. Indeed in the upper layer (<25 m), the downward propagation clearly dominates (upward propagation does briefly occur around June 27). In the lower layer (>25 m), the upward propagation is intermittent with intervals of little vertical propagation.
To get more understanding, we investigate three typical profiles. At 06:00 on June 27 (Fig. 5a) , the velocity vectors rotate clockwise with depth, indicating an upward propagation of phase, and thus a downward flux of the near-inertial energy. At 18:00 on June 27 (Fig. 5b) , the velocity vectors rotate counter-clockwise with depth near the surface, then exhibit a complicated clockwise and then counter-clockwise rotation towards the bed. At 06:00 on June 29 (Fig. 5c) , the rotation is clearly counter-clockwise at the upper layer, and turns little in the lower layer.
The vertical propagation of the near-inertial energy can be calculated at each depth using the vertical phase gradient (Fig.  6) . On June 28, the energy flux is downward at most depths. This is at the start of the near-inertial event, which as it evolves two boundary layers emerge (at 17 and 40 m) that are associated with alternating upward and downward fluxes of the near-inertial energy. The energy may penetrate through these boundaries. Such a vertical structure of near-inertial energy flux has not been reported previously.
Discussion
Frequency shift
As seen in Fig. 2 , the energy peaks appear at both sub-inertial and super-inertial frequencies. This phenomenon has been rarely reported. Given their different vertical structures as described in Section 3.1, it is possible that they are of different near-inertial events. Figure 7 shows the variability of the kinetic energy at these two frequencies. Before June 25, they are of similar value and both decline gradually with time. After this date, the sub-inertial energy rises sharply and then rapidly diminishes, while the super-inertial energy only experiences a slight increase. This suggests that the sub-inertial and super-inertial energy are not completely uncorrelated and independent with each other, since they share some similarity in tendency.
When there is a horizontal shear of the background flow, the resultant vorticity can alter the frequency of inertial motions to induce a slight departure from the inertial frequency. In such instances, the near-inertial motion acquires an effective frequency (Kunze, 1985) , given by Eq. (1), where f eef is the effective frequency, f is the local inertial frequency, and is the background vorticity. Indeed the sub-inertial energy reported by Sun et al. (2011) in the same region is attributed to this frequency shift mechanism. Using the surface current data (u and v in Eq. (1)) obtained from NOAA satellite data set OSCAR with a resolution of (1/3)° (http://www.oscar.noaa.gov/), the background vorticity is computed. As seen from Fig. 8 , the negative background vorticity always shifts the frequency to be smaller than the inertial frequency (referred as sub-inertial shift hereafter). The sub-inertial shift is enhanced with time. Between June 27 and July 2 when the near-inertial motion is most energetic, the effective frequency is around 90% of local inertial frequency, generally consistent with the situation in the spectrum of velocities (Fig.  2) . This is highly suggestive that the sub-inertial shift is induced by the negative background vorticity. The sub-inertial wave is trapped by the negative vorticity and cannot propagate laterally (Kunze, 1985) , thus only propagate downward. This explains the unusual sub-surface intensified structure of the sub-inertial spectra.
Indeed the super-inertial motion would be expected to have been subject to the same frequency shift. The super-inertial motion is likely to have been generated as a near-inertial wave at a more poleward latitude which has propagated into this region (Fu, 1981) , whereas the sub-inertial motion is likely to have been generated locally. If it is generated at a latitude higher enough, the negative vorticity is insufficient to shift its frequency toward being sub-inertial. It is hard to assess what its original frequency might have been before the shifting occurred. Nevertheless it is clear that this slight frequency shift by the background vorticity field would be insufficient to trap the super-inertial wave. 
Generation by wind
Near-inertial motions are mainly wind-driven (e.g., Pollard, 1970; Pollard and Millard, 1970) . In particular, strong near-inertial currents can be generated by a typhoon's passage (e.g., Zhu and Li, 2007; Sun and Hu, et al., 2011) . Figure 9a shows the temporal variation of depth-averaged near-inertial kinetic energy. It is greatest between June 27 and July 2, and weakest between 21 and 25 of June.
Figures 9b and c display a wind time series at a location near the mooring site, obtained from the satellite data cross-calibrated multi-platform (CCMP, podaac.jpl.nasa.gov/DATA_CAT-ALOG/ccmpinfo.html) (Atlas et al., 2011) . Two peaks in wind speed, of almost 15 m/s, occur on 21 and 27 of June, which are induced by Typhoons Linfa and Nangka respectively. Following the passage of Nangka, the near-inertial energy increases gradually and reaches a significant peak. However, after the passage of Linfa (after June 22) the near-inertial energy shows no significant increase, but instead diminishes to its smallest value during this record.
Price ( 1981) pointed out that, for a fixed location on the right hand side of cyclone's heading direction, the wind rotates clockwise with time, while for a fixed location on the left hand side the wind rotates anti-clockwise (see the interpretation in Fig. 10 ). In the Northern Hemisphere, the near-inertial motion is clockwise and thus clockwise wind can resonantly force near-inertial motions, in contrast to anti-clockwise winds. It is for this reason that the near-inertial motion generated at a fixed location on the right hand side along the typhoon path is more intensive (Price, 1981) . This effect is clearly apparent in these data. The mooring site is on the right hand side of the Nangka's path, while it is on the left hand side of the Linfa's path. Therefore, Nangka's passage drives a wind pattern rotating clockwise with time ( Fig. 9c) and generates an intense near-inertial event.
On the other hand, Linfa's passage generates an anti-clockwise wind pattern (Fig. 9c) , and does not promote the near-inertial motion.
Summary
An ADCP mooring was deployed on the shelf of the northern South China Sea at a depth of 60 m. It operated for 23 d during the summer of 2009, during which Typhoon Linfa and Typhoon Nangka passed through.
The spectrum of measured currents shows two significant peaks near the local inertial frequency. One is slightly lower (sub-inertial) and the other is higher (super-inertial) than the local inertial frequency. The sub-inertial peak is more energetic than the super-inertial one, and has a broader frequency band. They both display a two-layer structure, with two maxima in vertical. However, the super-inertial energy maximizes near the surface (as is a normally observed structure), while the maximum of the sub-inertial energy is found deeper at around 15 m depth. Previous research in this region only reports sub-inertial energy. The surface current obtained from satellite data indicates a patch of negative vorticity that shifts the inertial motion to become sub-inertial and traps the near-inertial motion, thus resulting the sub-surface intensification. The super-inertial energy probably originates as a near-inertial wave generated at a more poleward latitude. A band-pass filtering is applied to extract the near-inertial currents. They behave as a two-layer structure in the vertical, with a layer of the minimum value at mid-depth. The velocity phase in the upper layer is nearly opposite to that in the lower layer. This vertical structure, probably correlated with the stratification structure, evolves with time. The vertical distribution of phase shows that an upward propagation of phase, i.e., indicating a downward flux of near-inertial energy, is not as dominant as has been previously reported. The vertical gradient of phase is used to denote the direction of the vertical near-inertial energy flux. There seems to be two boundaries at 17 and 40 m, where the energy is reflected upward and downward. This is a new phenomenon that deserves further investigation.
The intensity of the near-inertial currents is time dependent and the greatest during the influence of Typhoon Nangka, when it reaches as high as 30 cm/s. This is because the wind forcing is resonant as the mooring is on the right hand side along Nangka's path. This effect is highlighted in stark contrast to the passage of Typhoon Linfa, along whose path the mooring is on the left hand side and has no discernable elevation in the near-inertial energy.
